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advanced and 7% of all primary MDS cases, but were absent in children with MDS secondary to therapy or acquired aplastic anemia. Mutation carriers were older at diagnosis and more likely to present with monosomy 7 and advanced disease as compared to wildtype cases. For stratified analysis according to karyotype 108 additional primary MDS patients registered with EWOG-MDS were studied. Overall, we identified 57 MDS patients with germline GATA2 mutations. GATA2 mutations were highly prevalent among patients with monosomy 7 (37%, all ages) reaching its peak in adolescence (72% of adolescents with monosomy 7).
Unexpectedly, monocytosis was more frequent in GATA2-mutated patients. However, when adjusted for the selection bias from monosomy 7, mutational status had no effect on the hematological phenotype. Finally, overall survival and outcome of hematopoietic stem cell transplantation (HSCT) were not influenced by mutational status. This study identifies GATA2 mutations as the most common germline defect predisposing to pediatric MDS with a very high prevalence in adolescents with monosomy 7. GATA2 mutations do not confer poor prognosis in childhood MDS. However, the high risk for progression to advanced disease must guide decision-making towards timely HSCT.
For personal use only. on October 31, 2017. by guest www.bloodjournal.org From
INTRODUCTION
The study of cancer genomes has identified a countless number of somatic gene mutations associated with malignancy. 1 Inherited genetic drivers predisposing to clonal evolution, are, however, less well understood. Myelodysplastic syndromes (MDS) represent a heterogeneous group of clonal hematopoietic disorders occurring with various frequencies in all age groups.
Significant differences between primary MDS in children and adults are evident for morphology, cytogenetics and therapeutic approaches. In children and adolescents, refractory cytopenia of childhood (RCC) represents the most common subtype usually associated with pancytopenia and hypocellular marrow 2,3 ; monosomy 7 is the most frequent aberration in children, while aberrations typically observed in adult MDS such as complex karyotypes or isolated del(5q) are rare. 4 The somatic mutation landscape also differs between children and adults with myeloid diseases. [5] [6] [7] Inherited genetic predisposition was thus far not considered a likely cause of "de novo" primary MDS, in contrast to MDS evolving from known inherited bone marrow failure (IBMF) syndromes such as Fanconi anemia or dyskeratosis congenita 8 , and the familial MDS/acute myeloid leukemia (AML) syndromes. 9, 10 The latter result from deficiencies of the hematopoietic transcription factors CEBPA, RUNX1, 11, 12 and GATA2. 13 The spectrum of GATA2-related disease additionally involves immunodeficiencies [14] [15] [16] and syndromic features such as congenital deafness and lymphedema originally defining the Emberger syndrome. 17 Patients present early in life with symptoms affecting hematopoietic, immune and lymphatic systems, complicated by systemic infections and a high risk of developing MDS/AML 18, 19 However, no estimates exist on the prevalence and clinical significance of germline GATA2 mutations within consecutive MDS cohorts. This makes it difficult giving advice on the expected outcomes and recommendations on evidence-based clinical care.
The GATA2 gene encodes a chief hematopoietic transcription factor that through its two zinc fingers (ZF) can occupy GATA-DNA-motifs in several thousand genes. 20, 21 Its major role in early hematopoiesis [22] [23] [24] is attained by cooperating in a complex network of transcription factors in a dose-dependent manner. [23] [24] [25] [26] [27] The GATA2 germline mutational landscape involves truncating mutations presumably resulting in loss of the 2 nd ZF (ZF2). 15 In addition, missense mutations within ZF2 and noncoding variants in the +9.5kb regulatory region of GATA2 are thought to result in haploinsufficiency. 13, 17 Hence, the term GATA2 deficiency or haploinsufficiency has been widely accepted to describe GATA2-spectrum disorders; and in the following both GATA2-mutated and GATA2-deficient are used interchangeably. It is noteworthy that somatic GATA2 mutations in adult myeloid neoplasia can occur in both ZF regions 28, 29 and can have loss-, or gain-of-function effects. 28, 30, 31 In this study we aimed to assess the frequency of germline GATA2 mutations that underlie pediatric MDS, and to define clinical characteristics, therapeutic response, and prognostic consequences of this predisposition syndrome.
METHODS

Study population
MDS was classified according to the WHO criteria for pediatric MDS and included RCC, and the advanced MDS subtypes, namely refractory anemia with excess blasts (RAEB) and RAEB in transformation (RAEB-t). 32 We studied a consecutive cohort of 508/544 children and adolescents with material available for genetic testing diagnosed with MDS in Germany between July 1, 1998 and June 30, 2013, and enrolled in the prospective studies 98 or 2006 (www.clinicaltrials.gov; #NCT00047268, #NCT00662090) of the European Working Group of MDS in Childhood (EWOG-MDS). Of the 508 patients, 426 had been diagnosed with primary MDS (including familial MDS defined as at least one first-degree relative suffering from hematological neoplasia) and 82 with MDS secondary to chemo-or radiation therapy or to acquired severe aplastic anemia (SAA). Patients with known inherited bone marrow failure (IBMF) disorders had been excluded from all analyses. For stratified analysis according to karyotype, we next extended the cohort of primary MDS by including a group of 108 additional patients registered in EWOG-MDS trials ( Figure 1 ). The additional group was purposely biased towards the major cytogenetic aberrations (monosomy 7 and trisomy 8) encountered in patients with GATA2 deficiency.
For metaphase karyotyping, chromosome banding analyses of diagnostic bone marrow (BM) specimens had been performed according to standard procedures. 4 Hematopoietic stem cell transplantation (HSCT) had been performed in accordance with the EWOG-MDS recommendations (www.ewog-mds.org). All studies have been approved by the institutional ethics committees of the respective institutions. Written informed consent has been obtained from patients or patients guardians. 
Genetic studies
Sanger sequencing of exons 2-6 and intron 4 in the GATA2 gene (NM_032638.4) was applied to DNA from BM or peripheral blood (PB) granulocytes. The presence of heterozygous polymorphisms ruled out a whole gene deletion and simplified selection of patients for copy number analysis (SNP-array based deletion analysis, Affymetrix 6.0, Santa Clara, CA). For germline investigations non-myeloid specimens were used according to the following priority: a) cultured primary skin fibroblasts, b) hair follicles, and c) purified T-cells. The feasibility of T-cell DNA to discriminate between germline and somatic events in patients prior to HSCT had previously been established for patients with somatic mutations such as ASXL1, detected only in the myeloid lineage but not in T-cells (unpublished results). Novel GATA2 variants reported here were scored as likely pathogenic and disease-associated according to the following criteria: i) presence of identical mutation in other family member with GATA2-related MDS, ii) presence of known syndromic GATA2-related phenotype (e.g. lymphedema in the affected individuals), iii) mutation previously reported in GATA2deficiency, iv) novel mutation not present in controls in the EXAC browser (exac.broadinstitute.org), nor in dbSNP database (ncbi.nlm.nih.gov/SNP) and exome variant server (evs.gs.washington.edu), v) high conservation across other species and high pathogenicity score (SIFT, mutation taster).
Statistical analysis
Overall survival (OS) was defined as the time from diagnosis to death or last follow-up, while event-free survival (EFS) as the time from HSCT to death, disease recurrence or last followup. The Kaplan-Meier method was used to estimate survival rates and the two-sided log-rank test was employed to evaluate the equality of the survivorship functions in different subgroups. Time-to-event outcomes for relapse and transplant-related mortality (TRM) were 
RESULTS
Prevalence and phenotype of GATA2-related MDS
BM or PB samples of 508 children and adolescents with primary or secondary MDS enrolled in two consecutive prospective studies were analyzed ( Figure 1 ). In 28 of the 426 (7%) patients with primary MDS, 24 distinct GATA2 mutations were identified ( Table 1 ). The constitutional nature of mutations was established in all cases tested. In contrast, no mutations were found among the 82 patients with secondary MDS. Accounting for the MDS subtype, GATA2 mutations were more prevalent in advanced MDS (15%, 13/85) as compared to RCC (4%, 15/341, p<.01). GATA2 mutated (GATA2 mut ) patients were older at diagnosis (median age 12.3 vs. 10.3 years, P<.01), and presented more often with advanced MDS (46% vs. 18%, P<.01) and with monosomy 7 (70% vs. 11%, P <.01, Table 1 ) as compared to the GATA2 wildtype (GATA2 WT ) group. Surprisingly, in the majority (71%) of the GATA2 mut group, MDS occurred sporadically without family history of hematologic malignancy.
Hematologic phenotype associated with GATA2 deficiency is determined by monosomy 7
Investigating PB findings of the consecutive cohort at diagnosis, we observed significantly higher hemoglobin concentrations and platelet counts, as well as higher numbers of myeloid precursors among patients with GATA2 deficiency when compared to GATA2 WT (supplemental Table 1 ). Unexpectedly, there were more GATA2 mut cases with monocytosis (>1.0x10 9 /l) compared to GATA2 WT (P<.01).
Because the majority of GATA2 mut patients presented with MDS and monosomy 7 we reassessed the above findings in an extended cohort purposely augmented with this cytogenetic category. Within the subgroup of patients with monosomy 7, hematological For personal use only. on October 31, 2017. by guest www.bloodjournal.org From parameters did not differ according to mutational status with the exception of a lower ratio of myeloid to erythroid cells in the BM of GATA2 mut patients (Suppl. Figure 1 , suppl. Table 2 ). Thus, the above differences in hematological phenotype between GATA2 mut and GATA WT groups appears to have been determined by monosomy 7 rather than by GATA2 mutations.
GATA2-related MDS is associated with der(1;7) and trisomy 8 in addition to monosomy 7
A total of 57 pediatric MDS patients with GATA2 deficiency could be identified in the extended cohort ( Figure 1 ). The abnormal karyotypes of these cases fall in only three categories: monosomy 7 in 68% of patients, unbalanced aberration der(1;7) (resulting in loss of the q-arm of chromosome 7) in 7%, and trisomy 8 in 9% of patients ( Table 2 ). Neither del(5q) nor structurally complex aberrations were identified.
We next calculated the prevalence of GATA2 deficiency within the specific cytogenetic categories. Of the 449 patients analyzed 100 had monosomy 7 and 32 had trisomy 8. Within the monosomy 7 subgroup, one third (37%) carried GATA2 mutations ( Figure 2A ); and the median age at diagnosis was significantly higher for GATA2 mut patients when compared to the wildtype group (12.5 vs. 4.2 years, P<.01, Figure 2B ). Of note, the youngest child with GATA2-related MDS with monosomy 7 was 4.4 years old at time of diagnosis. The prevalence of GATA2 mutations increased dramatically with age, reaching 72% in adolescents aged 12-19 years at diagnosis of MDS associated with monosomy 7 ( Figure 2C ). Among MDS patients with trisomy 8, 16% (5/32) had an underlying GATA2 deficiency ( Figure 2A ). translocation were also carriers of GATA2 mutations (not shown). Thus, 7% of the GATA2 mut patients carried a der(1;7) translocation ( Table 2) .
Landscape of germline GATA2 mutations in childhood MDS
In total, we identified 57 GATA2 mut patients with 44 distinct (31 novel) germline mutations ( Figure 3A Two different truncating mutations, counted as novel in our cohort had been previously reported in solid tumors in the COSMIC somatic mutation database; however, information on material source and germline status was inconclusive. 34 Finally, no correlation between the type of GATA2 mutation and the hematological phenotype was identified (not shown).
Inheritance and penetrance
Detailed family history was available for 53 GATA2 mut patients. Familial MDS/AML had been identified in 12 study patients of 9 pedigrees (Suppl. Figure 2A ). All affected relatives were diagnosed with MDS/AML as children or young adults. The remaining 41 study patients with sporadic MDS showed unremarkable family history. For 11 of those, the unaffected family members (parents +/-siblings) were investigated for the presence of GATA2 mutations.
For personal use only. on October 31, 2017. by guest www.bloodjournal.org From (Suppl. Figure 2B ). While no silent carriers for coding mutations were identified, in 3 families with non-coding mutations found in the index case, the same variant was also present in the respective fathers who were clinically healthy. In additional 7 patients with sporadic MDS and coding GATA2 mutations who received HSCT from a matched sibling, the respective mutation was not identified in donor´s blood.
Non-hematological phenotype in pediatric MDS cohort with GATA2 deficiency
Previously reported non-hematologic phenotypes of GATA2-deficiency (syndromic by means of Emberger-like features or signs of immunodeficiency associated with MonoMAC/DCML) were identified in a total of 51% (29/57) of studied patients. In detail, 9% (5/57) of patients presented with deafness, 23% (13/57) with lymphedema/ hydrocele, and 39% (22/57) with immunodeficiency; some patients presented with multiple symptoms. Additional novel clinical features recurrently present in the investigated cohort included anomalies of the urogenital tract in 12% (7/57) and relevant behavioral problems (e.g. autism and aggressive behavior) in 19% (11/57) of GATA2 mut patients.
GATA2 deficiency is not a poor prognostic factor for overall survival
Among the 426 consecutively diagnosed children with primary MDS (Figure 1 ), 5-year OS was, as expected, significantly superior in the RCC subgroup as compared to the advanced MDS subgroup (91% vs. 57%, p<.01, suppl. Figure 3A) . When evaluating OS according to mutational status alone, the GATA2 mut group had an inferior OS when compared to GATA2 WT (73% vs. 84%, p<.05, suppl. Figure 3B ). However, when accounting for MDS subtype and presence of monosomy 7 there was no difference in OS in relation to GATA2 mutational status ( Figure 4A-B ).
Stable disease is rare in GATA2-related MDS
Of the 57 children with MDS and GATA2 deficiency, 7 were not transplanted. Four of those children died from disease progression or infection after AML-like chemotherapy or supportive care. Remaining 3 patients with stable non-transfusion dependent RCC are still alive without severe infectious complications 5-16 years from diagnosis (Table 3 ). Of note, 2 of these 3 patients had novel, noncoding mutations in GATA2 intron 4 (D506 and D609).
Outcome of HSCT is not influenced by the GATA2 mutational status
Among the cohort of 100 patients with monosomy 7 (Figure 1 ), 91 including 34 GATA2 mutation carriers, had been transplanted. The 5-year OS (66% vs 69%) and EFS (60% for both) were comparable between the GATA2 mut and GATA2 WT groups ( Figure 5A -B). The relapse rate did not significantly differ between both groups (21% vs 13%, Figure 5C ). Of note, TRM was independent of underlying GATA2 deficiency (21% vs. 24%, Figure 5D ) as was the rate of infectious complications (66% versus 61%, P=ns). Specifically, evaluating viral, bacterial, fungal, parasitic infections, CMV reactivation, CMV disease, EBV infections/PTLD, and adenovirus infections the rate of complication was 66% (33/50) in the GATA2 mut and 61% (168/276) in the GATA2 WT groups. Across all karyotypes, AML-like chemotherapy prior to HSCT was administered to 7 patients only, 4 of those died due to TRM or relapse.
DISCUSSION
Outside the setting of known IBMF disorders and familial MDS/AML little has been known about the contribution of hereditary predisposition to the etiology of primary MDS. This study shows for the first time that GATA2 germline mutations underlie 7% of consecutively diagnosed pediatric cases with primary MDS, and 15% of advanced MDS. In comparison, the prevalence of germline GATA2 mutations in a cohort of 586 adult patients with MDS and MDS/MPN patients reached only 0.5% (3/7 patients with GATA2 mutations, Dr. Maciejewski, Cleveland Clinic MDS registry, personal communication). The absence of GATA2 mutations in secondary MDS of childhood and their rarity in adult MDS reinforces the notion that different etiologies are involved in these conditions. Drawing from histories of our patients and from published findings, it can be concluded that GATA2-related disease generally manifests in adolescence or young adulthood and is unlikely to contribute to MDS in older patients. Median age at diagnosis of GATA2 deficiency in previous reports is estimated at 29 years. 18 In our prospective childhood MDS cohort, GATA2 mut patients had a median age at diagnosis of 12 years. In conclusion, the age peak for hemato-immunologic disease manifestation in individuals with GATA2 mutations lies between the second and third decade of life.
Strikingly, in the majority of GATA2-deficient patients, MDS occurred sporadically without preexisting family history of MDS, and in half of all patients no known clinical features pointing towards GATA2 deficiency were present. Sporadic disease had previously been reported in few patients with GATA2-related hematologic malignancy without additional accessory phenotypes, and in patients with immunodeficiency. 14, 35 The high rate of de novo GATA2 mutations in patients with MDS and the low number of silent carriers are consistent with a disease exposing high penetrance and expressivity.
For personal use only. on October 31, 2017. by guest www.bloodjournal.org From Although the high incidence of sporadic MDS and the full penetrance for coding (exonic) mutations in our cohort must be interpreted with caution due to referral bias, it is also true that relatively few (to our knowledge 8 reported) clinically silent carriers with coding mutations were identified among more than 200 reported GATA2 mut cases. 18 Finally, our findings suggestive of reduced penetrance for noncoding mutations are consistent with a previous report of two silent carriers with such variants. 36 Previous reports suggested that cytopenias and immunodeficiencies result from GATA2 haploinsufficiency. This notion is consistent with the loss of hematopoietic stem cells (HSC) observed in mouse models of GATA2 haploinsufficiency and conditional GATA2inactivation. 23, 27 Contradicting findings indicate that GATA2 overexpression inhibits HSC output 37 and erythroid differentiation. 38 Like others, we found three types of monoallelic mutations: truncating mutations, missense mutations in ZF2 and noncoding mutations in the enhancer region of intron 4. So far, only a handful of GATA2 mutations had been functionally validated. Loss-of-function was demonstrated for the ZF2 mutations Thr354Met and Thr355del found in familial MDS/AML 13 , Arg361Leu and Cys373Arg in Emberger syndrome, 17 and Arg350_Asn351ins8 in de novo AML with unknown germline status. 39 Of these, only Thr354Met was present in three of our patients. On the other hand, somatic GATA2 mutations identified in myeloid diseases were shown to enhance (Gly320Asp/ZF1 and Leu359Val/ZF2), reduce (Ala318Thr/ZF1 and Leu321Phe/ZF1), or not to alter (Arg308Pro/ZF1) the transactivation activity of GATA2 protein. 28, 31, 39 The fact that all truncating mutations identified abolish ZF2 emphasizes its functional significance.
Noncoding GATA2 mutations were initially reported by Holland´s group 40 in the +9.5 intronic region shown to act as transcriptional enhancer. 41 Notably, 10.5% of affected patients in our study carried these noncoding variants. For most of them the clinical presentation was similar reported. 42 The pathogenic significance of the variant c.1017+699insT in D506 is not clear.
Although it affects a highly conserved nucleotide and has not been previously reported in control databases, it is however also possible that it might represent a non-pathogenic private variant.
The recounted difficulty in identifying genotype-phenotype association was also observed in our study when for example hematological phenotypes of different patients with identical mutations were assessed. While the same mutation was associated with MDS developing after years of preexisting cytopenias in one child, it caused MDS without prodromal symptoms in another patient. Possibly, GATA2 genotypes can have various functional consequences in different biological contexts. We therefore propose the category "MDS following GATA2 disease" or "GATA2-related MDS". In this study we focused on the systematic review of hematological findings in GATA2 mut patients within a large prospective MDS cohort. The known "MonoMAC-/Emberger-like" phenotypes were also observed in half of our patients, but they did not negatively affect the clinical outcome. Strikingly, we encountered more cases with monocytosis rather than monocytopenia in patients with GATA2-related MDS, which can be attributed to the more advanced disease with monosomy 7. This finding emphasizes the broad heterogeneity of GATA2-disease phenotype. In addition, we report for the first time Advanced MDS and monosomy 7 were highly overrepresented in GATA2-related MDS. By contrast, in the recent NIH series of GATA2 mut patients evaluated for immunodeficiency, trisomy 8 (24%) was more frequent than monosomy 7 (16%). 36 Although, the prevalence of monosomy 7 in previous reports on GATA2 deficiency was estimated at 29%, 18 this karyotype was found at least twice as frequent in our pediatric cohort. Moreover, several GATA2 mut patients present with the unbalanced aberration der(1;7)(q10;p10) leading to trisomy 1q and loss of 7q, which is otherwise rare in pediatric MDS 4 and was not found in GATA2 WT patients. Given the high prevalence of germline GATA2 mutations in adolescents with monosomy 7 (72%), an underlying GATA2 deficiency should be excluded during the diagnostic workup in this subgroup.
Accounting for MDS subtypes and cytogenetics, OS was not affected by GATA2-status indicating that MDS subtype rather than GATA2 status was the relevant prognostic factor.
HSCT is the only curative option for GATA2-related MDS. The NIH reported a survival rate of 54% at 4 years after HSCT in 21 GATA2 mut patients that were transplanted for MDS/AML, pulmonary alveolar proteinosis or recurrent infections 36 . The comparably favorable 5-year OS of 66% in our pediatric cohort transplanted for MDS/-7 can be likely explained by the younger age and the lower prevalence of GATA2-related systemic complications. Our findings indicate that GATA2 deficiency itself does not increase TRM in affected children.
We concur with Grossman and colleagues 43 that the ideal time window for HSCT in GATA2 disease is during the hypocellular MDS phase and before manifestation of severe complications (i.e. invasive infections), and support the need for a close monitoring of For personal use only. on October 31, 2017. by guest www.bloodjournal.org From GATA2 mut patients for the occurrence of any of these events. Interestingly, we observed a slightly higher proportion of relapse after HSCT within GATA2 mut group with monosomy 7 (21% vs. 13%; P=n.s.), an observation deserving further validation in larger cohorts.
Finally, our findings should be interpreted in the light of some limitations. One is the fact that children with MDS and advanced disease are subjected to HSCT in a very timely manner. In addition, while our results show comparable survival for GATA2 mut and GATA2 WT children with MDS, this finding might not be translated into the setting of adult patients with other GATA2-related phenotypes i.e. immunodeficiency or pulmonary complications.
In summary, we show that GATA2 deficiency is a predisposing condition for MDS, responsible for 7% of all primary pediatric MDS cases and prevalent in two third of adolescents with monosomy 7. Our results redefine the paradigm of MDS in children and adolescents and highlight the contribution of de novo germline mutations with delayedlatency oncogenic effect. GATA2 mutational status does not negatively affect the outcome of MDS in children and adolescents. We suggest that decisions on timing and preparative regimen for HSCT in GATA2-related MDS should be guided, as for all children with MDS, by the known risk factors such as cytogenetic evolution, severity of cytopenias and advanced disease. Ideally, the implementation of early diagnosis of GATA2 deficiency can avoid unnecessary diagnostic procedures, enable tailored surveillance strategy, and limit the use of non-curative therapies specifically avoiding immunosuppression. We propose that GATA2 analysis should be included in the workup of all children and young adults presenting with MDS and monosomy 7, der(1;7) or trisomy 8 irrespective of family history or accessory GATA2 disease phenotype. 
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Figure 5.
Kaplan-Meier surival curves after HSCT in 91 patients with monosomy 7 according to GATA2 mutational status, for (A) overall survival (OS) (B) event free survival (EFS), (C) cumulative relapse incidence, and (D) transplant related mortality (TRM). 
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